Clubfoot is a common musculoskeletal birth defect for which few causative genes have been identified. To identify the genes responsible for isolated clubfoot, we screened for genomic copy-number variants with the Affymetrix Genome-wide Human SNP Array 6.0. A recurrent chromosome 17q23.1q23.2 microduplication was identified in 3 of 66 probands with familial isolated clubfoot. The chromosome 17q23.1q23.2 microduplication segregated with autosomal-dominant clubfoot in all three families but with reduced penetrance. Mild short stature was common and one female had developmental hip dysplasia. Subtle skeletal abnormalities consisted of broad and shortened metatarsals and calcanei, small distal tibial epiphyses, and thickened ischia. Several skeletal features were opposite to those described in the reciprocal chromosome 17q23.1q23.2 microdeletion syndrome associated with developmental delay and cardiac and limb abnormalities. Of note, during our study, we also identified a microdeletion at the locus in a sibling pair with isolated clubfoot. The chromosome 17q23.1q23.2 region contains the T-box transcription factor TBX4, a likely target of the bicoid-related transcription factor PITX1 previously implicated in clubfoot etiology. Our result suggests that this chromosome 17q23.1q23.2 microduplication is a relatively common cause of familial isolated clubfoot and provides strong evidence linking clubfoot etiology to abnormal early limb development.
Congenital clubfoot is one of the most common serious congenital birth defects, with an estimated birth prevalence of 1 per 1000 live births. 1 Clubfoot consists of malalignment of the bones and joints of the foot and is distinguishable from positional foot anomalies because it is rigid and not passively correctable. Twenty percent of all cases of clubfoot are associated with distal arthrogryposis, congenital myotonic dystrophy, myelomeningocele, amniotic band sequence, or other genetic syndromes such as trisomy 18 or chromosome 22q11 deletion syndrome, 2, 3 and in the remaining patients the etiology is unknown. 4 Approximately 25% of all patients with isolated clubfoot report a family history of clubfoot. 5 Twin studies also support a role for genetic factors in clubfoot given that the concordance rate is higher for identical twins than for fraternal twins (33% versus 3%). 4 Additional evidence for a genetic basis is provided by differences in clubfoot prevalence across ethnic populations, with the lowest prevalence in Chinese (0.39 cases per 1000 live births) and the highest in Hawaiians and Maoris (7 per 1000). 6, 7 The ratio of idiopathic clubfoot among males to females is 2:1 and is consistent across ethnic groups. 6 Despite the high incidence of clubfoot, few causative genes are known. We recently identified a mutation in the bicoid-related homeodomain transcription factor gene PITX1 (MIM 602149), in a multigenerational family with predominantly isolated clubfoot. 8 However, additional mutations were not identified in 100 patients with idiopathic clubfoot, suggesting genetic heterogeneity. Common polymorphisms near HOX homeobox genes, insulin-like growth factor binding protein 3 (IGFBP3) (MIM 146732), 9 and caspase genes 10 have also been reported to be associated with idiopathic clubfoot. Currently there is no genetic testing available for patients with isolated clubfoot, and much remains to be identified regarding both the genetic and mechanistic aspects of this condition.
To identify the genes responsible for isolated clubfoot, we identified 66 isolated idiopathic clubfoot probands with at least one affected first-degree relative. Individuals were considered to have isolated idiopathic clubfoot only in the absence of additional congenital anomalies (e.g., heart defect, hypospadias, developmental delay) or known underlying etiology (e.g., arthrogryposis, myelomeningocele, myopathy). The study was approved by the local human ethics review committees. Consent and DNA samples were obtained from study subjects.
Forty familial isolated clubfoot probands were screened for genomic copy-number variants (CNVs) with the Affymetrix Genome-wide Human SNP Array 6.0, consisting of more than 1.8 million genomic DNA markers, including > 900,000 probes for the detection of copy-number variation and > 900,000 SNPs. Nearly identical 2.2 Mb chromosome 17 duplications involving 1120 markers were identified on copy-number analysis performed with the Affymetrix Genotyping Console ( Figure 1A ) in two unrelated probands (5103-01 and 5377-01) (Figures 2A and  2B ). The duplicated region containing 17 RefSeq genes is flanked by segmental repeats and corresponds exactly to the location of the chromosome 17q23.1q23.2 microdeletion (MIM 613355) recently identified in individuals with developmental delay, heart defects, and limb anomalies.
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The duplication was verified with TaqMan copy-number assays (Hs01196629_cn and Hs02252963_cn). The chromosome 17q23.1q23.2 duplication was not present in 700 controls 12, 13 evaluated with the same platform (Affymetrix 6.0) and is not reported in the Database of Genomic Variants.
To confirm the frequency of the chromosome 17q23.1q23.2 microduplication, we then screened DNA from 26 additional probands with familial isolated clubfoot for CNVs in this region by using the TaqMan assays. One chromosome 17q23.1q23.2 microduplication was identified in a proband from a multiplex family with idiopathic clubfoot (5035-01) ( Figure 2C) , and, surprisingly, one microdeletion was identified in a sibling pair with idiopathic clubfoot (5046-01) ( Figure 2D ).
To determine the inheritance of the chromosome 17q23.1q23.2 CNVs, we then obtained DNA from additional affected and unaffected family members from all three families with the chromosome 17q23.1q23.2 microduplication and one family with the reciprocal microdeletion. The chromosome 17q23.1q23.2 microduplication segregated with idiopathic clubfoot in all three families ( Figure 2 ) but with incomplete penetrance. The parents of the siblings with the microdeletion were unavailable for testing.
Clubfoot was present in seven patients with the microduplication and absent in three patients (penetrance of 70%) ( Figures 1B and 1C ). One female with the duplication had bilateral hip dysplasia (5377-02), and two parents with the duplication denied any problems with their lower extremities or hips (5377-05, 5035-03) and had normal physical examinations. All cases with clubfoot were male, and clubfoot was bilateral in all except one case ( Figure 1D ) ( Table 1 ). The hands and upper extremities were unaffected in all cases. Clinically, the feet were short, with broad, overlapping toes ( Figure 1E ), a marked contrast to the long, thin digits of individuals with the previously described chromosome 17q23 microdeletion. 11 Mild nail hypoplasia was present in two affected individuals ( Figure 1E ). Mild short stature was common ( Table 1) . None of the affected individuals had the heart defects, facial dysmorphisms, or cognitive and behavioral abnormalities that are commonly associated with the chromosome 17q23.1q23.2 microdeletion. 11 Notably, the two siblings with the chromosome 17q23.1q23.2 microdeletion are developmentally and cognitively normal on our examination, but have not been specifically tested for learning disabilities because of their young age (<3 years) at the time of the study.
In the general population, clubfoot ranges in severity from mild to severe, 14 and few factors other than initial severity and etiology are able to predict treatment outcomes. 2, [15] [16] [17] For this reason, we sought to determine whether the clubfeet associated with chromosome 17q23.1q23.2 microduplications were more severe than typical or respond poorly to the conservative, predominantly nonsurgical treatment methods that are currently the standard of care. 18 Three patients from one family were managed conservatively without surgery, including the proband (5377-01), who was successfully treated with the nonsurgical Ponseti method consisting of three months of casting followed by four years of brace wear. 18 However, the other affected individuals were all noted to have a severe form of clubfoot (Dimeglio grade IV) 19 that required multiple surgeries to correct. A variety of subtle skeletal abnormalities were seen frequently with the chromosome 17q23.1q23.2 microduplication, including enlargement of the distal fibular head (lateral malleolus) ( Figure 3A) ; broad, shortened first and second metatarsals and shortened calcaneus ( Figures  3A and 3C) ; tufted, triangular distal phalanx of the first toe ( Figure 3C) ; and hypoplastic lateral distal tibial epiphysis ( Figure 3D ) ( Table 1 ). None of these findings was noted by radiologists or treating orthopedic surgeons until the radiographs were evaluated carefully as a cohort with same genetic diagnosis. In the pelvis, the ischium was thickened in patients with microduplications ( Figure 3E ), in contrast to the hypoplastic ossification of the ischiopubic junction seen with the reciprocal microdeletion ( Figure 3F ). 11 The ilium was often elongated and narrow with an absent iliac flare, giving it a moth-eaten appearance ( Figure 3E ). Coxa valga and genu valgum were present in many cases. The patella was unaffected, in contrast to the patellar hypoplasia that is common in patients with either the chromosome 17q23.1q23.2 microdeletion 11 or small patella syndrome (MIM 147891) due to TBX4 gene (MIM 601719) mutations 20 ( Figure 3B ). Infra-acetabular axe-cut notches were occasionally present and are similar to those seen in small patella syndrome ( Figures 3E  and 3F ).
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Few recurrent CNVs have previously been associated with isolated human birth defects. 22, 23 In this study, we provide evidence supporting a role for a recurrent chromosome 17q23.1q23.2 microduplication in the etiology of isolated clubfoot. Because this interval is flanked by segmental duplications that are likely to mediate nonallelic homologous recombination, this CNV is likely to be recurrent in the population. Because few genes have previously been implicated in clubfoot pathogenesis, this discovery represents the most common cause of isolated clubfoot identified to date. Clinical abnormalities related to chromosome 17q23.1q23.2 microduplications are limited to the lower extremity and typically consist only of isolated clubfoot. This phenotype differs significantly from that of the reciprocal microdeletion, in which cognitive deficits and heart defects play a major role, in addition to limb abnormalities. 11 Despite our identification of a chromosome 17q23.2q23.2 microdeletion in a pair of affected siblings with clubfoot, clubfoot appears to be an unusual manifestation of the chromosome 17q23.1q23.2 microdeletion because it was not reported to be present in any of the seven previously described patients. 11 Notably, those cases were identified in a series The American Journal of Human Genetics 87, 1-7, July 9, 2010 3 of > 19,000 patients that presumably consist of individuals with multiple congenital anomalies or neurocognitive deficits, and therefore the associated phenotype may reflect ascertainment bias. Our data support a role for recurrent CNVs in the etiology of isolated birth defects and justify the inclusion of these patient populations in future research studies. Clubfoot occurring in the context of chromosome 17q23.1q23.2 CNVs is most likely a consequence of altered gene dosage of at least one of the two T-box transcription factors, TBX2 (MIM 600747) and TBX4, located within the 2.2 Mb interval. The TBX4 gene is expressed preferentially in the hindlimb compared to the forelimb, 24, 25 a pattern that makes TBX4 a prime candidate gene for lower-limb birth defects such as clubfoot. Furthermore, TBX4 is involved in limb muscle and tendon patterning 26 and is critical for normal hindlimb development. 26, 27 Because transcription factors are exquisitely sensitive to gene dosage effects (reviewed in 28 ), they are therefore more likely than other genes to be involved in the pathogenesis of human disorders associated with CNVs. TBX4 haploinsufficiency, either as a result of chromosome 17q23.1q23.2 microdeletions or as a consequence of TBX4-inactivating mutations in small patella syndrome, results in variable and incompletely penetrant skeletal abnormalities, including hypoplastic patella, narrow toes, pes planus, hypoplastic ossification of the ischiopubic junction, and infra-acetabular axe-cut notches. 11, 20 To our knowledge, clubfoot has been described only once in an individual with small patella syndrome. 21 In the current study, we find that alteration of gene dosage in the opposite direction in patients with chromosome 17q23.1q23.2 microduplications yields opposite effects, including short, broad toes, thickened ischia, and distinctly different pelvic morphology. However, some of the skeletal abnormalities including the infra-acetabular axe-cut notches are similar, highlighting the critical and complex effects of gene dosage on skeletal morphology. Though TBX2 and TBX4 are the most plausible candidate genes within the chromosome 17q23.1q23.2 CNV causing these skeletal abnormalities, the effect of duplications of the other 15 genes on the phenotype must also be considered. However, none of these genes is known to be involved in limb development. Because the etiology of isolated clubfoot is poorly understood, this study provides additional data to support our hypothesis that clubfoot is due to abnormal early limb development. We previously demonstrated that bicoid-related homeodomain transcription factor PITX1 mutations are associated with a spectrum of congenital lower-limb abnormalities including isolated clubfoot in humans. 8 Because the T-box transcription factor TBX4 is believed to be a direct transcriptional target of PITX1, 
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the current data support a role for the PITX1-TBX4 pathway in the etiology of clubfoot. Although the skeletal abnormalities associated with chromosome 17q23.1q23.2 CNVs can be visualized radiographically, none of the identified abnormalities clearly explains the development of the severe distal limb contracture. One possibility is that the clubfoot phenotype arises predominantly from effects of these CNVs on soft tissues in the limb, given that Tbx4 loss markedly affects muscle and tendon patterning in mice. 26 Studies are underway to evaluate, with magnetic resonance imaging, the soft-tissue abnormalities (i.e., muscle, tendon, and vasculature) associated with chromosome 17q23.2q23.2 CNVs in human patients. We are intrigued by the possibility that the chromosome 17q23.1q23.2 CNVs, or genes contained within this region, may explain the gender-conditional expression of idiopathic clubfoot and/or developmental hip dysplasia. All individuals with chromosome 17q23.1q23.2 microduplication and clubfoot were male, a fact that is consistent with the 2-3-fold-higher incidence of idiopathic clubfoot in males. 6 Furthermore, developmental dysplasia of the hip, a disorder that is four times more common in females, 31 was only present in a single female. Additional families need to be studied to determine whether the chromosome 17q23.1q23.2 CNVs or genes contained within are responsible for the overall sex bias of these disorders. Our identification of chromosome 17q23.1q23.2 CNVs in four patients out of 66 with familial isolated clubfoot opens up the possibility of clinical diagnostic testing in this patient population. Given the large size of this duplication, the chromosome 17q23.1q23.2 CNVs would be readily detected on any of the currently available tests for genomic CNVs (i.e., chromosomal microarray). Because the clubfeet associated with the chromosome 17q23.1q23.2 microduplication may be severe and refractory to conservative therapy, a genetic diagnosis may eventually alter treatment management, including casting or bracing methods. Diagnostic testing may also be useful to direct preventive care because of the possible increased risk of developmental dysplasia of the hip in families with chromosome 17q23.1q23.2 CNVs, though further study of the relationship between developmental dysplasia of the hip and these CNV is clearly needed. A higher incidence of developmental dysplasia of the hip in children with clubfoot has been found in some series 5, 6, 32 but not others, 4, 33 suggesting that there may be a common etiology in some, but not all, cases. Diagnostic testing may also be useful to predict the risk of clubfoot recurrence in families. However, interpreting the significance of chromosome 17q23.1q23.2 CNVs is complicated by incomplete penetrance and variable expressivity, characteristics that are commonly described in CNVs associated with neurocognitive disorders. [34] [35] [36] [37] Incomplete penetrance suggests that additional genetic or environmental risk factors may be involved in clubfoot pathogenesis. Though our current study demonstrates that clubfoot is the predominant abnormality associated with chromosome 17q23.1q23.2 microduplications, accurate prediction of the frequency or severity of musculoskeletal abnormalities (i.e., clubfoot and developmental hip dysplasia) will not be possible until additional families with these CNVs are studied. In summary, we have shown that four of 66 probands with familial isolated clubfoot carry a chromosome 17q23.1q23.2 CNV, three microduplications and one microdeletion, that segregates with clubfoot in all four families. This represents one of the few CNVs to be associated with an isolated birth defect and broadens the role of recurrent CNVs in human disease etiology. Though further study is needed, this discovery opens up the possibility of clinical genetic testing for patients with familial isolated clubfoot and provides important insight into the developmental pathway responsible for human limb birth defects.
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